SUMMARY ; Cultures of Thiobacillus thiooxidans, Th. thioparus, Th. novellus, Thiobacillus B (Waksman, 1922a), strains 'T' and 'K' (Trautwein, 1921) and Th. concretivorus, Thiobacillus X and the 'M' strains, organisms isolated from concrete (Parker, 1945 (Parker, , 1947 , were examined to elucidate the mode of oxidation and to establish the identity of the organisms recently isolated from corroded concrete.
only product was sulphuric acid.
Hydrogen sulphide was oxidized only at low concentrations and only by Th. concretivorus and Thiobacillus X ; sulphuric acid was the end-product, and elementary sulphur may have been an intermediate.
ThiobacilZus X differed from Th. thiooxidans in pH range for growth and from
Th. thioparus in its method of oxidation of thiosulphate, tetrathionate and H,S. It appeared to fit earlier descriptions of Th. thioparus by Nathansohn (1902) and Beijerinck (1904) more closely than the strain described as Th. thioparus by Starkey ( 1 9 3 4~) .
The 'M' strains were similar to Thiobacillus B and the 'T' and 'K' strains of Trautwein. Species of micro-organisms capable of oxidizing inorganic sulphur compounds fall into three main groups: those which oxidize hydrogen sulphide autotrophically and deposit sulphur intra-or extracellularly, including members of the Beggiatoaceae, Thiorhodaceae and Chlorobacteriaceae families of the classification of Bergey's Manual (1948) ; members of the genus Thiobacillus which oxidize a wide variety of sulphur compounds ; various heterotrophic organisms such as Pseudomonas spp. which appear to have a much more limited ability for oxidation.
Difficulty in isolating pure cultures of members of the first group has retarded the elucidation of their metabolic activities. However, pure culture studies of the Thiorhodaciae and Chlorobscteriaceae by van Niel (1931) have thrown considerable light on the mechanism of photosynthesis by these organisms. Detailed studies of the oxidative ability of organisms of the second and third 
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The rate of oxidation could be varied by altering the ratio of surface area exposed to air to volume of culture medium, so appropriate volumes of medium were placed in Erlenmeyer flasks depending on the speed of reaction desired. In general, 100 ml. medium was used in a 300 ml. Erlenmeyer flask. Separate flasks were taken for analysis at intervals. I n some experiments, however, 1.5 1. medium was used in a 2 1. flask and samples were taken at intervals from it.
Media containing thiosulphate were steamed in bulk on three successive days and then distributed aseptically in 100 ml. lots into sterile 300 ml. Erlenmeyer flasks. Medium 6 was autoclaved in separate flasks and the sulphur was steamed in test tubes and then added to the medium.
Media containing tetrathionate were incubated in 50 ml. lots in 100 ml. Erlenmeyer flasks. Potassium tetrathionate was prepared in this laboratory as follows : Wackenroder's solution was prepared by passing H,S through a saturated solution of sulphurous acid held just above 0" (Debus, 1888) . When the reaction was completed sulphur was filtered off and the solution concentrated to sp.gr. 1.32 by evaporation on a water-bath. Potassium salts of the mixed thionic acids were then prepared by the addition of a saturated solution of potassium acetate to the concentrated Wackenroder's solution. The potassium salts were allowed to crystallize for 24 hr. and crystalline pentathionate and tetrathionate filtered off. The mixed crystalline mass was recrystallized from water slightly acidified with sulphuric acid and the potassium tetrathionate separated by hand picking typical crystals. It was possible in this way to separate material which appeared to be pure potassium tetrathionate; this was again recrystallized from 90% (v/w) ethanol. The final product was shown to be free from thionates other than tetrathionate by the analytical methods described below.
InocuZum. Suspensions of the various strains were obtained by washing the growth from an agar slope with 1-2 ml. sterile distilled water containing thiosulphate; 0.25 ml. of this suspension was used to inoculate each flask. With cultures which grew well on agar medium the number of organisms in the culture medium immediately after inoculation was about 1o6/ml., while cultures which grew poorly on agar medium, such as Th. noveZZus, gave an initial viable count of about lO3/ml. Incubation. Cultures were incubated at 28', except for those grown in an atmosphere of hydrogen sulphide. Loss of water during prolonged incubation was minimized by using small incubators each containing a shallow vessel of water. When hydrogen sulphide oxidation was examined, the inoculated flasks were incubated at room temperature (about 18') in a glass box, through which was passed air containing approximately 200 p.p.m. H,S.
Andyses. Usually a whole flask was taken for analysis; when significant evaporation had occurred, the contents were first transferred to a standard flask and diluted with sterile distilled water to the original volume. The bacterial count was determined by serial tenfold dilution of 1 ml. medium in sterile distilled water and inoculation of the dilutions into appropriate culture medium. This procedure was only accurate to a power of 10, but was sufficiently 
RESULTS

Thiobacillus concretivorus
Thiosulphate oxidation. The method of oxidation of thiosulphate by this strain has been described (Parker, 1945) . In the present investigation a more detailed examination of the course of reaction was made. Flasks of medium 5 were inoculated with a young culture and analysed at frequent intervals. Two different strains were examined, but, as they behaved similarly, the results with one strain only are shown ( Table 2 ). The chemical changes fell into two Medium 5 , in which 0-5 yo (w/v) potassium tetrathionate replaced thiosulphate, was inoculated with this strain, but, despite repeated attempts, neither growth nor oxidation of the tetrathionate occurred. As growth, tetrathionate formation and oxidation occurred in medium 5 when potassium thiosulphate replaced sodium thiosulphate, the absence of growth with potassium tetrathionate cannot be attributed to an absence of sodium ions. The inability of this organism to oxidize tetrathionate, despite its destruction by cultures in thiosulphate medium, is hard to understand, and no satisfactory reconciliation of the two observations can be made at present.
Oxidation of elementary sulphur. The method of oxidation of elementary sulphur by this organism was studied by Parker (1945) . The sole product of oxidation in the presence of excess sulphur was sulphuric acid which reached Concentrations of over 5 yo (w/v) .
H,S oxidation. Parker (1945) reported that this organism did not utilize H,S when cultures were exposed to air containing 1 % (v/v) H,S. In the present work the organism was inoculated into liquid mineral salt medium containing no oxidizable form of sulphur and incubated in air containing 200 p.p.m. H,S; initial pH value of medium 4-5. The results of analyses during incubation are shown in Table 4 .
Metabolism was indicated by the continuous viable count throughout the period of incubation and was accompanied by a rapid drop in pH value from 4.5 to 1.8 in the inoculated flasks. The increase in the total sulphur content of the inoculated compared with the sterile flasks shows that H2S was utilized. The end-product of oxidation was mainly sulphuric acid, but the presence of a small amount of elementary sulphur towards the end of the incubation period in the inoculated flasks, and its absence from the controls, suggested that sulphur was first formed and then oxidized. Thiosulphates and polythionates were not detected at any stage of the incubation. of thiosulphate by this organism was described by Waksman & Starkey (1923) . Since tetrathionate was detected during the oxidation of thiosulphate by Th. concretivorw, a more detailed examination of its oxidation by Th. thiooxidans was made. The results given in Table 5 show that during the destruction of thiosulphate, tetrathionate and sulphate were formed, but that there was little change in pH value until thiosulphate had completely disappeared. Tetrathionate was only found during a period of 24 hr. at the fifth to sixth day of incubation. After the complete disappearance of thiosulphate, tetrathionate was converted to sulphate with a sharp drop in pH value. 
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The effect of concentration of thiosulphate on the course of reaction was studied in the manner described for Th. concretivorus. Table 6 records that, as noted by Starkey, the time taken for the pH value to decrease increases with concentration of thiosulphate. Thiosulphate was completely oxidized in media containing concentrations of 0-5 yo (w/v) and 1 yo (w/v), but with concentra- Waksman (1922a, b) , Waksman & Starkey (1923) , Starkey (1925) . Our re-examination of this oxidation process in medium 6 confirmed the findings of the above authors that sulphur is converted directly to free sulphuric acid without the formation of any intermediate products.
H2S oxidation. Th. thiooxidans was inoculated into medium 5 without thiosulphate, and incubated in air containing H2S. A viable count was obtained even after 48 days incubation, by which time the pH value had decreased to 2.2. H2S was oxidized as shown by the increase in total dissolved sulphur from 0 to 472 mg./l. ; the main product was sulphuric acid. As with Th. concretivorus, a little elementary sulphur accumulated towards the end of the incubation period; this suggests that the oxidation goes through elementary sulphur. The amount of sulphur formed by Th. thiooxidans was much less than that formed by T h . concretivorus. The ability of Th. thiooxidans to oxidize H2S has been the subject of contradictory statements in the literature, but the present experiments definitely establish its ability to utilize H2S under the conditions described. Its mode of oxidizing sulphide appears to be identical with that of Th. concretivorus.
Thiobacillus X Thiosulphate oxidation. Oxidation of thiosulphate by two strains was studied. As they oxidized thiosulphate in essentially the same way, results for one strain only (X44) are given in Fig. 1 . The final products of oxidation were tetrathionate, sulphate, free sulphuric acid, and very small amounts of free sulphur and pentathionate; the pH value fell from 6.6 to 3.3. The oxidation occurred in three stages. During the first 45 hr. there was a slow increase in sulphate and fall in pH value, but no polythionates could be detected, nor was any free sulphur present. About 10 % of the thiosulphate was oxidized during this period and the bacterial count increased from lo6 to lo8 organisms/ml.
In the next 24 hr. the remaining 90% of the thiosulphate was oxidized, the bacterial count increased to 91ml. and there was little fall in pH value. There was accelerated production of sulphate and rapid production of polythionate (almost entirely tetrathionate). The third stage immediately followed the disappearance of thiosulphate. The pH value decreased from 6.6 to c. 3, tetrathionate concentration decreased and the sulphate concentration increased (although more slowly than in the previous period). A thin pellicle, presumably of sulphur, became visible. This third stage occupied 27 hr., during which the bacterial count fell from lo9 to lo7 organisms/ml. Following the sharp decrease in pH value there was a further slow decrease to an ultimate value of pH 3-0, accompanied by a slow decrease in polythionate and an increase in sulphate Oxidation of sulphur compounds by sulphur bacteria 353 concentration. The bacterial count decreased and the culture became sterile after 120 hr., although a considerable amount of polythionate remained. The inability of this organism to carry tetrathionate oxidation to completion suggests that it is intolerant of pH values less than 3.0. This point was examined by adding a suspension of organisms to sterile saline buffered to different pH values; it was found that on subculture into medium 2, organisms exposed to pH values less than 3.0 for 30 min. failed to grow. Further support for this view was obtained by making the usual analyses in a thiosulphate culture in which the pH value, by continuous readjustment, was prevented from becoming less than 4.7 during the whole period of incubation. Under these conditions tetrathionate was completely converted to sulphate, and the rate of increase of sulphate concentration following thiosulphate disappearance was much greater than in the unadjusted culture. Whereas the unadjusted culture was sterile within 5 days of completion of thiosulphate oxidation, a count of 107 viable organisms/ml. was found 12.5 days after thiosulphate oxidation had ceased in the adjusted culture.
Tetrathionate oxidation. Tetrathionate was formed as an intermediate in thiosulphate oxidation, and was subsequently converted partially to sulphate and free acid. The strain used was inoculated into medium 2, containing 0-5 % (w/v) tetrathionate, instead of thiosulphate, and analysed at intervals as before ( Table 7) . The strain grew well and oxidized tetrathionate rapidly, the final products being sulphate and some pentathionate; some tetrathionate 354 C . D . Parker and J . Prisk remained unoxidized. The oxidation was accompanied by a decrease in pH value from 6.7 to 3.3. Within 30 hr. after inoculation, rapid oxidation of tetrathionate began, and its destruction was associated with rapid increase in sulphate concentration and a sharp decrease in pH value from 6.6 to 3.5. A little thiosulphate appeared between 20 and 45 hr. but later disappeared. When the pH value had decreased to 3-5, oxidation of tetrathionate, sulphate formation, and further fall in pH value all practically ceased. The bacterial count decreased shortly after and eventually the culture became sterile. These results are essentially the same as those described for the third stage of thiosulphate oxidation by this organism. The appearance of pentathionate after c. 10 days incubation may have been due to a chemical conversion of tetrathionate after bacterial activity had ceased, as the viable count had then fallen to lo3 organisms/ml. The presence of pentathionate in the sterile control after 24 days incubation indicated that chemical conversion of tetrathionate to pentathionate could occur. These results confirm the ability of this organism to oxidize tetrathionate with the formation of sulphate and acid. Ozidation of elementary sulphur. The strain was inoculated into medium 2 containing 10 g. sulphur/l. in place of thiosulphate and analysed at intervals. The organism grew with elementary sulphur which was oxidized directly to sulphuric acid as indicated by an increase in sulphate and a decrease in pH value. No immediate products were detected at any stage of the incubation.
The rate of oxidation, indicated by the rate of acid formation, during the period of maximum activity of this organism was only about 10% of that exhibited by Th. concretivorus and Th. thiooxidans. The oxidation of elementary sulphur by this organism also differed from those organisms, in that the amount of acid formed before the culture became sterile and oxidation ceased was less. Oxidation of sulphur compounds by sulphur bacteria 355 between 1 and 10 % with the two high acid-formers; the pH value in this case fell only to 3.1, whereas with the other two organisms it became less than 1.0.
H2S oxidation. Medium 2 lacking any form of oxidizable sulphur was inoculated and incubated in air containing 200 p.p.m. of H2S. A high viable count was maintained for 24 days; thereafter the count decreased and the culture was sterile after 47 days. Sterility was again associated with decrease in pH value to 3.0, as happened with elementary sulphur and thiosulphate. During the early stage of oxidation only sulphate sulphur increased (owing to the formation of sulphuric acid), but towards the end of the incubation period, when the viable count had decreased, there was also an increase in elementary sulphur. This suggests that the conversion of H2S to sulphate was through the intermediate formation of elementary sulphur. There was no evidence that thiosulphate or polythionates were formed a t any stage.
Thiobacillus thioparus
Thiosulphate oxidation. The strain Thiobacillus X was described (Parker, 1947) as Th. thioparus-like principally because of ( a ) its ability to form a pellicle when grown with thiosulphate in liquid culture in a test tube, (b) its very slow oxidation of elementary sulphur and ( c ) the fact that growth ceased when the pH value fell to 3-4. A detailed examination of an authentic strain of Th. thioparus was therefore made for comparison with Thiobacillus X .
Medium 2, containing 1 yo (wlv) sodium thiosulphate, was inoculated from a fresh slope culture, and observations were made as before (Table 8 ). The ultimate products of oxidation of thiosulphate were sulphate and elementary sulphur; polythionates were not detected a t any stage of incubation. A decrease in pH value from 6.6 to 4.7 indicated that some of the sulphate existed as H,SO,. During the oxidation of thiosulphate, sulphate and sulphur were formed in the ratio of 6 to 4, and the pH value decreased from 6.5 to 6-0. This supports the observations of Starkey (1935 a). After the complete disappearance of thiosulphate, there was a further decrease in pH value to 4.7, accompanied 356 C . D . Parker and J . Prislc by a decrease in the amount of elementary sulphur and a corresponding rise in sulphate concentration. This confirmed the suggestion of Starkey (1935 a) that the decrease in pH value which follows the disappearance of thiosulphate is due to oxidation of sulphur. The continued viability of the culture for a t least 18 days after the disappearance of the thiosulphate, when elementary sulphur was the only available sulphur source, suggests that this conversion of elementary sulphur to sulphuric acid is biological. The slow oxidation of elementary sulphur eventually ceased when the pH value dropped to 4.5. This occurs when only a small proportion of the sulphur first formed had been converted into sulphuric acid, This organism did not produce tetrathionate from thiosulphate.
Tetrathionate oxidation. Medium 2 without thiosulphate, but containing 0.5y0 (wlv) tetrathionate, was inoculated with Th. thioparus. After 24 days of incubation less tetrathionate had disappeared from the incubated flasks than from the sterile controls, although a high viable count in the inoculated flask was always found. A decrease in pH value from 6.6 to 5-9 in the inoculated flasks, compared with a stable pH 6-4 in the sterile control, suggested that oxidation of some sulphur compound had occurred. Beijerinck (1904) recorded that both calcium and hydrogen sulphides were utilized by the original culture of Th. thioparus isolated by Nathansohn.
Thiobacillus novellus
Thiosulphate oxidation. The organism was examined in the usual way, using medium 2 with 1% (w/v) thiosulphate. The rate of oxidation by this strain used was very much slower than with any of'the previous four organisms; less than 20% of the thiosulphate was oxidized in 40 days. The only product of oxidation was sulphate, and its formation was accompanied by a slow decrease in pH value; no tetrathionate was formed. The bacterial count indicated a low degree of bacterial activity. These results confirm Starkey's observations (1935a) were selected for detailed study because they were the best oxidizers of thiosulphate. As the course of the reaction with the three strains was similar the results from one strain only (M.79) are shown in Table 9 . Strain M. 79 destroyed 87 yo of the thiosulphate during 57 days. The products of oxidation after 56 days of incubation were a mixture of tri-, tetraand pentathionate, some sulphate and a little elementary sulphur. The pH value at first increased from 6.6 to 7.8 and then fell slowly to 7.0. The bacterial count remained high throughout the period of incubation. There was a rapid disappearance of thiosulphate early in the incubation, becoming slower after c. 8 days and stopping before all the thiosulphate had disappeared. The period of rapid thiosulphate oxidation was associated with the appearance of a considerable amount of tetrathionate and a sharp increase in pH value; this increase distinguishes these strains from those organisms already described. There was a slight increase in sulphate concentration and some pentathionate formation, but no elementary sulphur was formed in this stage. The subsequent stage of slower thiosulphate oxidation was associated with a slow decrease in 358 C. D. Parker and J . Prkk tetrathionate, the formation of tri-and pentathionate, and a slow increase in sulphate. Only minute amounts of elementary sulphur were formed, even after prolonged incubation.
Tetrathionate oxidation. The ' M ' strains produced tetrathionate from thiosulphate, but showed little ability to destroy it. They were inoculated into medium 2 in which 0.5 yo (w/v) tetrathionate replaced thiosulphate, but could only be recovered in small numbers after 14 days. Oxidation of elementary sulphur. Strain M. 79 was incubated in medium 2 with elementary sulphur in place of thiosulphate. It persisted in the medium for at least 32 days. Although no change occurred in the pH value of the medium, there was a very slight increase (from 49 to 106 mg./l.) in the sulphate content, which suggests that this strain could oxidize sulphur very slowly. The pH value did not decrease, probably because the amount of acid formed was too small to affect the phosphate-buffered medium. The rate of sulphate formation was lower than with Thiobacillus X and Th. thioparus.
H,S ozidation. Although these " I ' strains remained viable for periods up to 44 days when inoculated into medium 4 with hydrogen sulphide as source of sulphur, there was no evidence of hydrogen sulphide oxidation.
Thiobacillus B ( Waksman) and strains ' T ' and ' K ' (Trautwein) Thiosulphate oxidation. Thiobacillus B (Waksman) and strains ' T ' and ' K ' (Trautwein) were examined in medium 2. The results confirm Starkey's observations (1935 a ) that these cultures oxidize thiosulphate primarily with the formation of alkali and tetrathionate, accompanied by an increase in pH value. This was followed later by the appearance of trithionate, pentathionate and some sulphate, with a slow decrease in pH value.
Tetrathionate oxidation. These strains were similarly examined to determine their ability to survive in medium 2 in which 0-5 yo (wlv) tetrathionate replaced thiosulphate. All three strains were recovered after 15 days incubation, but since the pH value of the cultures did not differ from that of the control, it seems unlikely that they were capable of oxidation of tetrathionate. Oxidation of elementary sulphur. These strains were inoculated into medium 2 with elementary sulphur in place of the thiosulphate. Strains 'B' and 'T' survived for 32 days, but strain ' K ' was not viable after 7 days. There was no analytical evidence to suggest that any of the strains oxidized sulphur to sulphate, which confirms Starkey's findings (19344. Their behaviour is thus similar to that of Th. novellus in this respect.
H,S ozidation. Thiobacillus B and strains ' T ' and ' K ' were inoculated into medium 4 with hydrogen sulphide as source of sulphur. Cultures of Thiobacillus B and strain ' K ' became sterile within 2.9, hr. It was earlier suggested that H,S in high concentration is toxic to Th. concretivorus and the rapid death of the cultures of Thiobacillus B and of strain ' K ' suggests that H,S may be toxic to these organisms also. Strain 'T', however, grew. Parker (1947) showed that H,S in air, passed over an alkaline solution, forms small amounts of thiosulphate and polythionate. It seems probable that a small amount of thiosulphate was formed chemically, in the 'T' culture medium, and that this The production of free acid in the second stage explains the rapid decrease in pH value after the disappearance of thiosulphate. Waksman & Starkey (1923) stated that Th. thiooxidans oxidized thiosulphate directly to sulphate and sulphuric acid; the present examination revealed that there is an intermediate production of tetrathionate. Waksman & Starkey (1923) only made observations at infrequent intervals, and Starkey (1934b) , when examining this organism for polythionate formation, also only made observations after 7 days incubation, when 7 yo of the thiosulphate had been oxidized, and after 28 days, when the whole of it had disappeared. In view of the transient occurrence of the tetrathionate during incubation it is not surprising that its formation was overlooked.
Th. concretivorus differs from Th. thiooxidans in that the former oxidizes thiosulphate completely from initial concentrations up to 4 yo, whereas Th. thiooxidans is markedly inhibited by 2 yo and almost completely inhibited With Th. concretivorus in concentrations of 2 and 4 % thiosulphate the decrease in pH value and the occurrence of the maximum tetrathionate concentration before all the thiosulphate has disappeared suggests that towards the end of the thiosulphate oxidation, thiosulphate and tetrathionate oxidation are taking place simultaneously. With the 2 and 4 yo concentrations, the amount of elementary sulphur formed is proportionately much greater than with the lower concentrations. The formation of 100 mg. S/1. after 26 days from the 4 yo concentration before complete disappearance of thiosulphate is also consistent with the simultaneous oxidation of thiosulphate and tetrathionate ; the acid formed from tetrathionate oxidation could react with unchanged thiosulphate to precipitate sulphur. As a final stage the sulphur so formed may be oxidized to sulphuric acid as, with the 1.0 and 2 yo initial Concentrations of thiosulphate, the concentration of sulphur at the end of the incubation period further decreased.
Oxidation by Th. thiooxidans in 2 % thiosulphate, although less in extent, by 4%.
C. D. Parker and J . Prisk is similar in nature to that by Th. concretivorus at concentrations of 2 and 4 yo.
Over the whole period of observation tetrathionate and elementary sulphur could be detected; the sulphate showed a slow increase and the pH value a slow decrease. Although only a little thiosulphate was oxidized it would appear that thiosulphate and tetrathionate oxidation occurred simultaneously.
Thiosulphate oxidation by Thiobacillus X appears also to occur in two stages according to equations such as (I) and (2) above. With this organism, however, the second stage does not go to completion; the culture becomes sterile at a pH value of 3-0, although some tetrathionate remains unoxidized. The increase in sulphate without any tetrathionate accumulation a t the beginning of the incubation, and the fact that the pH value does not increase during the rapid oxidation of thiosulphate in the second stage, may be because the two reactions occur simultaneously from the beginning of the incubation, although the formation of the tetrathionate oxidase would appear to be slower than that of the thiosulphate oxidase.
(2) Thiosulphate is oxidized by Th. thioparus to sulphate and elementary sulphur, followed by a slight and slow oxidation of the sulphur to sulphuric acid, with a decrease in pH value to 4.3, according to equations such as (3) and (4):
As with Thiobacillus X the extent of acid formation appears to be limited by acid tolerance of the organisms; this was confirmed by examination of the pH tolerance of the organism in buffered saline. The first stage of this oxidation by Th. thioparus was described by Starkey ( 1 9 3 5~) ; it was confirmed in the present work. Starkey also suggested that the decrease in pH value was probably due to oxidation of the sulphur first formed; this suggestion has been confirmed by the present work.
( 3 ) Thiosulphate may be converted by Th. novellus directly to sulphate and sulphuric acid, with decrease in pH value according to an equation such as ( 5 ) : Na,S,03 + 20, + H,O -+ Na,S04 + H,SO,.
As with Thiobacillus X and Th. thioparus, the amount of acid formed appears to be limited by the acid tolerance of the organism; this was confirmed by separate examination in buffered saline. The present observations confirm those of Starkey ( 1 9 3 5~) with regard to the route of thiosulphate oxidation by Th. novellus. It had been considered that the thiosulphate oxidation by Th. novellus was identical with that produced by Th. thioozidans, but the present observations concerning the intermediate production of tetrathionate by Th. thiooxiduns indicates a marked difference between the two organisms.
(4) Thiosulphate can also be converted to sulphate and tetrathionate, with an increase in pH value, according to an equation such as (6) :
followed by a further small conversion of tetrathionate to tri-and pentathionate, and a decrease in pH value, sometimes back to the initial value at The only product of oxidation of H2S is sulphuric acid, although the accumulation of small amounts of elementary sulphur towards the end of incubation in acid media, and of thiosulphate in alkaline media, suggests that the formation of sulphur and thiosulphate by purely chemical means occurs first, this sulphur or thiosulphate then being oxidized to sulphuric acid by the organism. Oxidation of H2S by Th. thiooxidans and Th. concretivorus produces only enough acid to give a pH value of 2.0 under the given conditions, while oxidation of elementary sulphur and thiosulphate by the same organisms produces an acidity equivalent to a pH value of less than 1.0. As the same organisms are involved, difference in acid tolerance cannot be responsible. If elementary sulphur formed chemically from H2S be an essential preliminary product in 362 C . D. Parker and J . Prisk acid media, it is possible that this reaction does not proceed below pH 2.0, and the activity of the organisms ceases a t this pH because no more sulphur becomes available. Some support for this hypothesis is derived from other investigations in these laboratories which indicate that &S dissolved in water is chemically oxidized by dissolved oxygen at very much slower rates under acid conditions than under alkaline conditions. It is, of course, also possible that the pH range of the enzyme systems involved in H,S oxidation is difl'erent from those involved in the oxidation of elementary sulphur and thiosulphate.
In contrast to the behaviour of Th. concretivorus and Th. thiooxidans in H,S the pH value of the medium decreases to 3.0 with Thiobacillus X ; this value is the limit of its acid tolerance with elementary sulphur or thiosulphate as sulphur source. are closely related with regard to oxidation of sulphur compounds, but, as described earlier (Parker, 1945) , they differ in their nitrogen requirements. Th. thiooxidans utilizes ammonia but is inhibited by nitrate, whereas Th. concretivorus utilizes ammonia or nitrate.
Identity of organisms isolated
Thiobacillus X . This organism was previously considered to be closely related to Th. thioparus, but the present study reveals that the two organisms exhibit marked differences with regard to their oxidation of sulphur compounds. Th. thioparus oxidizes thiosulphate with formation of elementary sulphur and sulphate, whereas Thiobacillus X converts thiosulphate first to sulphate and tetrathionate followed by a partial destruction of tetrathionate, forming sulphate and free sulphuric acid. Th. thioparus does not oxidize tetrathionate or H,S, whereas Thiobacillus X readily oxidizes both compounds.
The only point of similarity is their common power to oxidize elementary sulphur slowly to sulphuric acid. Thiobacillus X must therefore be considered a different species from Th. thioparus, and with regard to oxidation of sulphur compounds is much more closely related to Th. thiooxidans and Th. concretivorus. All three organisms utilize thiosulphate, elementary sulphur or H,S, and the route of oxidation of thiosulphate is by the same two reactions in each case. Thiobacillus X differs from Th. thiooxidans and Th. concretivorus, however, in its acid tolerance. Oxidation of thiosulphate ceases with ThiobaciZlus X at pH 3.0, leaving sulphate, free sulphuric acid and some unchanged tetrathionate as the products of oxidation, while oxidation by Th. thiooxidans and Th. concretivorus only ceases at a pH value less than 1.0, the only products of oxidation being sulphate and free sulphuric acid. Thiobacillus X must therefore be considered as distinct from Th. thiopurus on the one hand and Th. thiooxidans and Th. concretivorus on the other. Before classing Thiobacillus X as a new species it is desirable to review the published literature on Th. thioparus. The strain of Th. thioparus examined in these studies was one isolated by Starkey in 1935, and Starkey (1935 a ) considered it identical with the organism
